A unified theoretical approach to the development of two-sensor methods is presented. It is shown that various methods developed in the last 10 years for sound intensity measurement and for the measurement of acoustic properties in ducts may be systematically derived from a general decomposition theory. In the decomposition theory, the incident and reflected wave auto and cross spectra are obtained from a set of decomposition equations using the measurement of the total acoustic pressure at two arbitrary points in a one-dimensional steady, random sound field. The application of the wave spectra to the measurement of sound intensity and acoustic properties follows directly. It is further shown that the decomposition theory predicts a set of characteristic wavenumbers at which two-sensor methods fail to yield meaningful data. Experimental data are presented showing the application of the decomposition theory to acoustic property determination, sound intensity measurement, and the estimation of sound pressure and particle velocity in a duct.
INTRODUCTION
This article is concerned with the theoretical development of two-sensor methods for extracting information from one-dimensional sound fields in ducts. The information that is extracted is usually the sound intensity in the duct or the acoustic properties of the passive termination of the duct. Although the acoustic medium is usually air, the methods apply equally well to ducts containing other fluids such as water or oil if the tubes containing these fluids are rigid.
An early application of two-sensor methods • using ran- In the present article, we focus our attention on the elaboration of the decomposition theory. Our primary objective is to show that the decomposition theory provides a common base upon which several existing "new" methods are founded. It is shown that the decomposition method ineludes as a special case the transfer function method as well as a method proposed for measuring the sound intensity in a duct.
•3 Other applications of the decomposition method are introduced including the estimation of the particle velocity spectrum and the estimation of the acoustic pressure spectrum anywhere in the duct. Finally, the decomposition theory is used to provide an interesting interpretation of the critical wavenumber problem that plagues the two-sensor methods.
I. THE DECOMPOSITION THEORY
A one-dimensional, standing-wave acoustic field, superimposed on a uniform flow, may be decomposed into incident and reflected wave spectra, SAA (f) and S• (f), respectively, and the cross spectrum between the incident and reflected waves, SA•(f)=CA•(f)+jQA•(f). These quantities are related to the auto and cross spectra of the total acoustic pressure at two arbitrary points in the field (see Fig. 1 ) through the following system of equations (dropping the frequencyf for brevity) l'
In the above equations, S• (f) and S22(f) are the auto spectra of the total acoustic pressure at arbitrary points x• and respectively, and Sn(,f) = Cn(f) +JQ•e(,f) is the cross spectrum between the total acoustic pressure at these points. 
COS 2 kx 2 q-[H•el 2 cos 2 kx• -2 Re(H•2)cos kx• cos kx 2 (14)
Equations (13) and (14) are the same as those presented in Refs. 3 and 4 except for a sign change owing to a reverse designation of the microphone numbers.
It is now apparent that the transfer function method of determining acoustic properties may be shown to be a special result of the decomposition theory. However, this has not been demonstrated before, and apparently was not known to the authors of Refs. 3 and 4. As a practical matter, the decomposition method and the transfer function method give identical results when applied to experimental data. There are instances, however, when the decomposition method is preferred, as it provides more information than the transfer function method. Because many acoustic materials and systems of practical interest exhibit nonlinear behavior, the I measured impedance must be qualified with some indication of the sound-pressure amplitude at which the test was made.
The auto spectrum of the incident wave S, or the total sound pressure at the face of the sample under test may be used for this purpose. Because the transfer function method does not utilize all the data available (i.e., only Hie is measured), it is not possible to determine S,c•. In principle, it should be possible to design a test procedure using the decomposition method to provide a specified sound-pressure spectrum to the sample under test.
In deriving Eqs. (13) and (14), the common factor sin 2 k(x• -xe) was cancelled from the numerator and denominator in both Xo and Ro. This, of course, can only be done when the common factor is nonzero. This leads to a set of characteristic wavenumbers (to be derived subsequently ) at which Xo and R o may not be determined. Fig. 2(a) . However, it may also be seen in Fig. 2(a) that the ill conditioning in the neighborhood of the k, mimics resonances at frequencies near kLt = 3 and 6, making the interpretation of impedance difficult. From Fig. 2(b) , it may be seen that the region of ill conditioning extends significantly on either side of the k, The frequencies at which the denominator of Eqs. (13) and (14) Several fundamental aspects of two-sensor methods have been discussed. It has been shown that two-sensor methods for various applications can be derived in a more general way using the decomposition theory. In particular, the transfer function techniques 3'4'•3 have been shown to be special cases of the more general decomposition theory. It has also been shown that the sensor separation problem is a manifestation of the familiar ill conditioning that accompanies the solution of a system of near-singular equations when finite precision data are used. Further applications of the decomposition method, including the estimation of the total acoustic pressure and particle velocity anywhere in a wave-
IV. OTHER APPLICATIONS OF THE DECOMPOSITION

